Introduction
The recognition, more than 60 years ago (Brattan and Bardeen 1953, Heiland 1954) , that the near-surface electrical properties of semiconductor materials can be markedly affected by changes in the composition of the adjacent atmosphere ushered in the prospect of a convenient, low-cost means of monitoring minority gas concentrations in an air ambient. It was quickly recognised (Seiyama et al 1962 , Taguchi 1970 ) that gas-sensitive resistors based on high-surface-area artefacts of metal oxides and operating at temperatures within the range from 300 to 450 °C, though lacking complete selectivity for a single gas, could nevertheless provide early warning of leaks of natural gas in homes, and many such units were produced for this purpose. Since that time much effort has been devoted to improving both the performance of semiconductor gas sensors and to reducing their essential power drain. Research and Development programmes around the world have striven to understand the mechanisms behind the gas responses and to identify optimum compositions and forms of the sensing elements. The aim of this work has been to render semiconductor gas sensor technology suitable for a wider range of applications Progress in the development of semiconducting metal oxide gas sensors: a review including the monitoring of hydrogen sulphide, carbon monoxide, nitrogen dioxide, volatile organic compounds (VOCs) and ozone, all in a quantitative rather than just a qualitative fashion. One persistent challenge for the use of metal oxide gas sensors is the interference caused by changes in relative humidity, which can give rise to resistive responses that are indistinguishable from those generated by the analyte gas.
The surface reactions that control the detection of reducing gases by semiconducting metal oxides operating at temper atures below 500 °C generally involve changes in the concentration of surface oxygen species, such as
, which are each stable over a different range of temperature. The formation of such ions from oxygen adsorbed at the gas/solid interface involves the abstraction of electronic charge from the metal oxide; the oxygen ions can then be viewed as traps for electrons. In the case of an n-type semiconductor, since the electrons are drawn from ionised donors via the conduction band, the charge carrier density at inter-granular surfaces is reduced and a potential barrier to charge transport is developed. The introduction of even a low concentration of a reducing gas such as carbon monoxide leads to a reaction with surface oxygen ions, the release of uncharged molecules (carbon dioxide) and the return of electrons to the conduction band. Within the normal operating temper ature range of 300-450 °C the predominant surface oxygen ion is O − (Barsan et al 1999) so that the reaction is
CO 2 -and the result is an increase in the measured conductivity to an extent that is related to the local concentration of the reducing gas. If such an n-type structure in air becomes exposed to small concentrations of an oxidising, rather than a reducing gas, then a competitive adsorption of molecules such as NO 2 can take place and the overall result is an increase in the density of charge carriers trapped at the oxide surface and a decrease in the measured conductivity.
In the case of a p-type oxide oxygen adsorbed from an atmosphere of air again acts as a surface acceptor state, but in this case the process involves the abstraction of electrons from the valence band, which causes an increase in the charge carrier (hole) concentration in the near-surface region. Responses to exposure to reducing and oxidising gases in air are, respectively, the reverse of those that are exhibited by materials that show an n-type character.
According to the mechanisms outlined above, materials can be classified as n-type or p-type semiconductors according to the sign of their resistance responses to reducing or oxidising gases as shown in table 1, but this mode of categorisation is only applicable to the near-surface regions of materials.
The inherent semiconducting characteristics of the bulk solid when it is in a condition that is unaffected by surface reactions can be quite different from those of surface layers.
In recent years there has been further progress in the understanding of the properties of metal oxides that can be exploited for gas sensing and new materials combinations have been identified that may pave the way to improved sensor performance. There are also indications that it would be advantageous to interrogate metal oxide sensors with alternating current (AC) rather than direct current (DC). These advances are the subject of this invited review paper.
Porous thick films-conductivity of the near-surface region
If the particles comprising a thick film of a metal oxide intended for gas sensing may be viewed as spheres of radius, r, and acceptor state density per unit surface area ′ N A , then the acceptor state density per unit volume is
A A
The density of surface sites on a metal oxide, ′ N A , is about 10 15 cm −2 , so for particles of radius 0.1-1.0 µm the acceptor state density per unit volume would be 10 19 -10 20 cm −3 . For all other particle shapes the specific surface area will be greater than that for spheres and the value of the acceptor state density per unit volume will also be greater than that calculated for spheres.
In the surface-trap-limited situation the carrier concentration can be calculated by taking account of the following equilibria:
(i) Thermal excitation of electrons from the valence band
where the equilibrium constant, K 1 = N C exp (−ΔE G /kT ), ΔE G is the band gap, N C is the density of states at the conduction band edge and p, n are the concentrations of holes and electrons respectively.
where the equilibrium constant, 
where the equilibrium constant K 3 = N C exp(−ΔE A /kT ), ΔE A is the acceptor ionisation energy and f A is the fraction of acceptors with trapped electrons. (iv) Charge balance 
where µ e and µ p are the electron and hole mobilities respectively and e is electronic charge.
Drawing together equations (1)-(4) leads to
[ ]
In view of the fact that N A N D in the depletion zone, n is small and K 1 K 3 K 2 equation (6) can be approximated to
and, from equation (5) the total conductivity can be expressed as a function of the surface acceptor state density:
Now the effect of the non-equilibrium (but reversible) reactions of gases present at low concentrations in air with the oxide surface is to cause the surface acceptor state density to change. It is clear from equation (8) that as N A increases the total conductivity decreases, passes through a minimum and then increases. While the first term is larger the majority charge carriers are electrons and when the second term dominates the charge carriers are electron holes. The minimum in conductivity occurs when
The type of gas response exhibited by a metal oxide as the value of N A changes in response to alterations in the local oxygen partial pressure, or to the presence of reactive foreign gases in a background of air, depends to a large degree on the donor density of the material, N D as shown in figure 1. Here curves are plotted for 3 materials with different values of N D . When N D is large, as in curve 1, the material will behave in an n-type manner over the whole range of N A in the vicinity of the value for clean air. Conductivity will increase on exposure to reducing gases and decrease on exposure to oxidising gases. When N D is small, as in curve 3, the material will behave in a p-type manner over the whole range and offer gas responses of opposite sign to those for materials with high N D . Materials with N D at an intermediate value show a switch from n-type to p-type behaviour (or vice versa) in response to compositional changes of the atmosphere. The usefulness of a material for the purpose of conductometric gas sensing depends to a great extent on its inherent value of N D , the temperature at which it operates, and the value of N A to which it is exposed.
Materials selection
Over the past 40 years a large number of oxides have been investigated for resistance responses to the introduction of trace concentrations of reactive gases in a background of air (e.g. Moseley (1992) and Moseley et al (1991) ). Examples of all of the three types of behaviour exhibited in figure 1 .
The distinction between n-type behaviour (curve 1 in figure 1 ) and p-type behaviour (curve 3 in figure 1 ) is well illustrated by reference to the group of spinel-structured gallates, CoGa 2 O 4 , NiGa 2 o 4 CuGa 2 O 4 . In the form of nanofibres with grain sizes in the range 12-20 nm Logarithm of conductivity is plotted against the negative logarithm of the acceptor state density per unit volume of each oxide. Curve 1 represents a material that exhibits purely n-type gas response, namely a conductivity increase in the presence of a reducing gas or when confronted with a reduction in the oxygen partial pressure of the atmosphere. Curve 3 represents a material with a p-type response: a conductivity decrease in the presence of a reducing gas-and a conductivity increase in the presence of an oxidising gas. Between the two curve 2 shows the case of a material in a condition where n-type and p-type behaviour are close to being balanced so that reactions of gases at the material's surface can alter the apparent behaviour from n-type to p-type or vice versa. The region between the two vertical dashed lines represents the range of N A that is accessible under conditions where the impurity gas is a minor component in an atmosphere that is largely comprised of air. the nickel and cobalt compounds provide p-type responses to pulses of benzene at concentrations from 1 to 50 ppm in air at 260 °C. (Qin et al 2017) . (ii) Switch by changes in the prevailing oxygen partial pressure Thick films of a-Fe 2 O 3 held at 280 °C have been shown to switch from n-type to p-type characteristics when they are exposed to a change in oxygen partial pressure from 25 to 50 000 ppm (Gurlo et al 2004) . The responses of a porous thick film of perovskite structure and composition BaSn 0.9 Zr 0.1 O 3 , when exposed to pulses of hydrogen sulphide in air, are shown in figure 2 (Moseley 1997) . Initially, as the concentration of hydrogen sulphide is stepped up from 2 ppm to 30 ppm, the size of the response, a conductance decrease indicating p-type behaviour, grows progressively. By the time the concentration reaches 100 ppm, however, the response has switched to a conductance increase that signifies n-type behaviour.
One other material that should be mentioned in this section is titanium-doped chromium trioxide, Cr 2−x Ti x O 3 (x < 0.2). In a gas-sensing context, i.e. in a high-surface-area form and when it is resident in an atmosphere that is predominately air, Cr 2−x Ti x O 3 offers p-type behaviour (Moseley and Williams 1990) . However, as shown in figure 3 , at low oxygen partial pressures and high temperature (1000 °C) porous pellets of titanium-doped chromia offer responses to changes in oxygen partial pressure that appear to be n-type Holt and Kofstad (1999) .
It has also been observed that the addition of particles of a metal with a high work function (see section 5.1) can switch the gas sensing character of an oxide from n-type to p-type (Capone et al 2017) .
These examples of materials that exhibit switching between n-type and p-type sensing character serve as a reminder that oxides used in semiconductor gas sensing should not be regarded as 'inherently n-type (or p-type)'. Rather they should be described as 'providing an n-type (or p-type) gas response under the relevant set of conditions'. Further, it is evident that candidate materials for the sensor application should be sought well clear of the conductance minimum in figure 1 in order to avoid ambiguity in the interpretation of a resistance measurement.
Recently some promising gas response properties have been reported for examples of both n-type and p-type materials:
MoO 3 has been shown to exhibit good n-type responses to <1 ppm hydrogen sulfide in the range from room temperature to 300 °C (Zhang et al 2016b) while Co 3 O 4 has exhibited good p-type responses to ammonia (to <0.2 ppm) at room temperature .
Nanostructures/preparation methods
An extreme case of the modification of the electric properties of an oxide artefact by changes in the composition of the atmosphere with which the material is in contact occurs when at least one of the dimensions of the solid is no greater than the depletion depth and the conductivity is surface-trap limited. Clearly high surface area is a desirable attribute for metal oxide sensor materials. This can be achieved by the fabrication of porous layers of small particles or by the deployment of thin films (see McAleer et al 1987) . In recent years much work on conductometric sensors has been devoted to the production of nano-structured oxides in pursuit of both increased sensitivity and reproducibility. A range of rather exotic structures have been prepared through a variety of sophisticated methods (see the excellent review by Mirzaei and Neri (2016) ). Precursor compounds can be converted to oxides with nanometer-sized particles by dissolving them in water and heating in a closed vessel (the hydrothermal method), by creating a sol, condensing this to a gel and again heat-treating, or by controlled precipitation from solution at room temperature. The preparation process time can be reduced markedly through the use of microwave heating instead of more conventional heating methods (Mirzaei and Neri 2016) . Electro-spinning has also been found to be useful in the preparation of nanostructures (Deng et al 2013) , as has glancing-angle deposition . The latter technique has been shown to deliver a form of tungsten trioxide with a high sensitivity to nitrogen dioxide and with little interference from other gases, including moisture (Moon et al 2016) . Chemical vapour deposition has been used to prepare high-surface-area zinc oxide with a detection limit for hydrogen sulfide of 50 ppb (Huber et al 2017) .
Metal oxides can be produced as nanoparticles, nanorods (a '1D structure'), nanosheets or as 'flower-like' nanostructures with very high surface area. Core-shell structures involving a second oxide as a coating and hetero-structures comprised of metal oxides and reduced graphene oxide, r-GO, can also be prepared by adapting some of the techniques mentioned above. 'Quasi-1D' metal-oxide-based hetero-structural gassensing materials have been reviewed by Li et al (2015) .
Biphasic sensing elements
Since the detection of gases at the surface of metal oxides depends upon the local shifting of electronic charge it has been logical, over the past several years, for some research effort to have been directed to the study of the consequences of adding second phase material to the oxide surface. In the anticipation that the creation of 'heterojunctions' between dissimilar materials will alter the native distribution of charge, three types of structure have been investigated: decoration of the oxide surface with particles of precious metals, the addition of a second oxide of the same semiconducting type as the base material (e.g. n-type on n-type) and the addition of a second oxide of the alternative semiconductor type (e.g. p-type on n-type). Wherever there is a difference in Fermi energy between two materials in contact, a diffusion of charge carriers will take place; electrons at a higher energy state will shift across the interface until the Fermi energy comes to rest at a constant level across the junction . Careful management of this property could allow the surface response of a semiconducting oxide to be 'tuned' for the detection of some gases.
Oxide/precious metal
Early attempts to improve the performance of metal oxide gas sensors were focussed on the decoration of the surface of tin oxide with particles of either platinum or palladium. In a typical example, a pellet of tin dioxide with a specific surface area of 5.5 m 2 g −1 and 47% open porosity was impregnated with an aqueous solution of a salt of the appropriate metal (platinum or palladium), dried and heat-treated to decompose the salt without aggregating the resulting metal particles (McAleer et al 1988) . In this way sufficient material was added to cover about 10% of the surface of the tin dioxide assuming the metal to be deployed as a hexagonally arranged monolayer. The fractional surface coverage by the additive is a very important parameter.
This strategy was found to modify the behaviour of the oxide in 3 ways: First, since the metals selected have a high work function, their presence on the surface results in a schottky barrier at the metal/oxide contacts similar to that caused by the oxygen ion surface states on the unmodified oxide (Norris 1987) . The width, W, of the space charge region thus generated is given by
1/2 , where V bi is the 'built-in voltage' . This feature results in an increase in the resistance of the artefact as compared with the 'un-decorated' material. Secondly the catalytic property of the metals results in a shift of the temperature-range of the gas response to lower values. In the example work mentioned above, the temperature of maximum response to methane was reduced from about 500° C to 310 °C as a result of the addition of platinum. The third effect is a marked reduction in the interference from changes in relative humidity.
More recently several other oxides have been surfacemodified and the range of metals used has been extended to include gold and silver. The work functions of the four metals are given in table 2. The work functions of SnO 2 ZnO and WO 3 reported by various authors are shown in table 3. It is clear that the management of the shifting of charge at the surfaces, at least of these oxides, requires great attention to the preparative details such as particle size and the surfaceloading of the metal. Some examples of gas responses of oxides that have been modified by the surface addition of precious metals are given in table 4. In some cases the precious metal distribution has been successful so that target gases are detectable with high sensitivity, at reduced temperature as compared with the responses of the unmodified oxides and/or with reduced interference from changes in relative humidity. In other cases the results are less impressive. It is a pity that, in many cases, the responses to changes in relative humidity are not recorded.
A study of the difference between the effects of surface additions of palladium and silver has recently been reported for SnO rather than SnO 2 (Barbosa et al 2017) . Micro-discs decorated by nanoparticles of the two metals showed good responses to hydrogen and to carbon monoxide but reduced responses to nitrogen dioxide. Palladium was found to provide chemical sensitization (catalytic activity) while silver provided an electronic functionalization.
The addition of silver nanoparticles to the surfaces of indium oxide nanospheres (Xiao et al 2017) has produced a spectacular sensitivity to nitric oxide with a detection limit of 0.5 ppb but again the potential interference from changes in relative humidity are not reported.
To summarise, the results in table 4 indicate that the suppression of the interference from humidity is greatest in cases where the precious metal selected is platinum or palladium. The one exception is the use of silver indicated in the final entry in the Table but this behaviour may be at least partially due to the involvement of reduced graphene oxide, which makes a contribution of p-type behaviour to the hetero-structure .
n-type/n-type heterojunctions
The space charge zone at the surface of an n-type semiconductor can also be modified by contact with a second n-type oxide. Electrons are then transferred from the material with the higher Fermi energy to the lower and, by suitable choice of materials, either an accumulation layer or a depletion layer can be formed in the backbone oxide. Such a strategy has been successfully employed with the materials combinations that are shown in table 5. The high sensitivity achieved in some cases is at least partially attributable to the large intrinsic surface area that characterizes the mixed oxides. The sparsity of information about the potential interference from changes in relative humidity is disappointing. 
n-type/p-type and p-type/n-type heterojunctions
When n-type and p-type oxides are placed in contact for gas sensing, again two distinct configurations can be exploited : (i) p-type backbone (the dominant conduction path) structures functionalized with n-type materials (p-n junctions) or (ii) n-type backbones functionalized with p-type materials (n-p junctions). The proportions and relative distribution of the two materials are important. There is a clear distinction between the mixing of different oxides with similar particle sizes on the one hand and the 'decoration' of 'backbone' structures with much smaller particles of a second oxide. When the coverage of the minority material is less than a critical value the gas response will be that of the backbone alone. Alternatively, if the backbone material becomes completely covered by the minority material then the response characteristic will be that of the minority material alone. It is then possible for the gas response to appear to switch from n-type to p-type depending on the proportions of the two materials in the composite structure around the percolation limit (Feng et al 2017) . At n-type/p-type heterojunctions electrons transfer from the n-type material to the p-type while electron holes shift in the opposite direction until equilibrium is reached. Where the backbone material is n-type the introduction of the p-type addition results in a thickening of the space charge layers close to the np junctions and a resistance increase akin to that produced by the addition of precious metal particles (vide supra). The width, W n , of the space charge layer on the n-type material is then given by
, where N p and N n are the p-and n-type charge carrier concentrations respectively and e n is the relative permittivity of the n-type material . Almost 30 years ago it was reported that the addition of silver oxide reduces the temperature of maximum response of SnO 2 to carbon monoxide from ~400 °C to ~ 250 °C (McAleer et al 1988) . More recent examples of the gas responses of n-type/p-type and p-type/n-type heterojunctions are shown in table 6. Table 6 includes examples of significant gas responses to a variety of gases achieved with n-type/p-type materials combinations. Three entries show records of gas responses at room temperature and in each of these an n-type metal oxide is paired with a non-oxide. The pairing of sulfonated graphene with tin dioxide also provides a very low response to changes in relative humidity but the two reports of oxides paired with poly-organic materials offer no information on humidity response. Amongst the oxide/oxide pairings the NiO/CdO and SnO 2 /Ag 2 O combinations both provide very promising results in terms of sensitivity (to hydrogen sulfide) at low temperatures, with very little interference from changes in relative humidity.
Recently the use of metal oxides composites in conductometric gas sensors has been the subject of a comprehensive review (Korotcenkov and Cho 2017) . These authors show the large range of gases that can be detected with enhanced selectivity through the use of mixed oxide composites and they show how control of annealing temperature and the presence of additives can restrict particle growth and hence sustain high specific surface area.
Evidently, with careful management of the n-type/p-type material ratio and the structure of the composites at the nano-level, heterostructures are able to provide high sensitivity, reduced operating temperature as compared with single oxides, and good selectivity.
The AC option
To date (2017) the commercial exploitation of semiconducting oxides in gas sensing has generally been implemented via DC circuitry as this offers a simple, low-cost, means of collecting information about the composition of atmospheres. The accumulation of charge at the surface of the oxides, however, is redolent of the trapping of charge in a capacitor. As the potential barrier at the surface of an oxide in air develops, the surface coverage of oxide ions reaches a limit, d SClim , that is given by an expression that involves permittivity, . Hence it is not surprising that, when high-surface-area metal oxides are interrogated with AC rather than DC, gas responses are found in the imaginary part as well as the real part of the measured impedance. Full impedance spectroscopy has been used in research projects that have been aimed at the elucidation of response mechanisms but the size and cost of the analytical equipment deployed in such work has so far discouraged the extension of AC measurements into the design of routine gas monitoring systems. Advances in electronic engineering design now appear to offer the prospect of purpose-designed AC systems that would allow reasonable access to the imaginary part data, which could assist the pursuit of improved selectivity and/or sensitivity. Some examples of imaginary part gas responses for a few materials at a few temperatures and a few frequencies are shown in table 7. It is immediately evident that the pattern of responses of the imaginary part of the impedance to oxidising/reducing gases for n-type/p-type materials does not replicate the pattern for DC responses that is shown in table 1. For example the imaginary part response of a thin film of tin oxide is an increase on exposure to both the oxidising gas, nitrogen dioxide, and the reducing gas, hydrogen. The DC responses to these two gases are in opposite senses. Figure 4 shows the responses, at a fixed frequency (1 kHz), of a porous pellet of tin dioxide that had been surface-treated with platinum exposed to pulses of 1% hydrogen in air as the temperature was ramped down from 100 °C to 5 °C and back again. The resistivity decrease caused by the introduction of the hydrogen is matched by an increase in the apparent permit tivity (McAleer et al 1988) and the peak is at maximum size at around 60 °C.
A frequency scan of the imaginary part response of a thin film of tin oxide, at a fixed temperature (200 °C-figure 5), shows a sharp peak at around 20 kHz that is attributed (Weimar and Gopel 1995) to inductance. The imaginary part response (peak at about 3 kHz) of the same thin film to the introduction of 0.1 ppm nitrogen dioxide is shown in figure 6 . The imaginary part behaviour of these two different tin dioxide artefacts suggests that it should be necessary to optimise both temperature and frequency in order to achieve maximum response to the introduction of a gas. Other studies (Chiorino et al 1997) , of the imaginary part of the impedance of palladium-doped tin dioxide of two different origins, have revealed peaks around 1 kHz and 100 kHz respectively in wet air, with and without the presence of methane. Unmodified thin films of tin dioxide have exhibited a peak in the imaginary impedance at around 4 kHz which moves to higher frequencies and decreases in size as temperature is raised from 26 °C to 125 °C (Betty and Choudhury 2016) .
The variation with temperature of the imaginary part response (at 300 Hz) of a material with p-type responses, Cr 1.9 Ti 0.09 W 0.01 O 3 , to the introduction of 5 ppm of hydrogen sulfide in air is shown in figure 7 .
Measurements of the impedance of metal oxides, generally at room temperature, are used as a sensitive means of measuring atmospheric humidity (e.g. Gu et al 2011, Zhang et al 2016c) so the interference from changes in relative humidity (see figure 8 ) must be avoided if imaginary part measurements are to prove useful for monitoring the presence of obnoxious gases in an air ambient. The potential for such an approach can only be fully assessed once the full ranges of three-parameter space (material/structure, temperature and frequency) have been explored for each gas. There is one more degree of freedom in this approach (frequency) than in the DC method so a programme of research on AC gas responses should prove fruitful. In passing, one might note that, during recent non-oxide work (Hong et al 2015) , the imaginary part of the impedance of semiconductor-enriched single-wall nano-tube gas sensors has been shown to exhibit two maximum values in a frequency scan: one in the high-frequency region and the other at the lowest extent of the range. It was observed that the 'impedancemetric 'operation offered the potential to avoid the drawbacks of conventional DC measurement by providing higher sensitivity in ammonia detection and reduced susceptibility to noise.
Finally it may be remarked that measurements of the imaginary part of the impedance may provide a means of avoiding the sort of ambiguity of gas concentration evaluation that can arise when materials are used in conditions that leave them close to the conductance minimum that was described in section 3. As long as the imaginary part relates to surface-trapped charge, which is always negative, rather than mobile charge within the bulk oxide, which can be either negatively or positively charged, then measurements of capacitance changes should provide an unambiguous indication of gas concentration. This topic deserves a good deal more research effort.
Emerging applications
In addition to the alarm function that gives warning of an immediate threat from flammable (e.g. CH 4 ) or toxic (e.g. CO or H 2 S) gases, the possibility that metal oxide gas sensors could be employed in several more demanding applications is currently being actively explored. The evaluation of air quality, both indoors and at street level, and the analysis of exhaled breath as a medical diagnostic tool all require high levels of quantitative response data and the avoidance of interference from other gases and vapours. A particular concern in this regard is the influence of humidity. Ideally the response to the 'target gas' (TG) should be first order so that Response, R = const. (TG). Metal oxide gas sensors, however, frequently exhibit a first order response to relative humidity, R = const. (RH) which must be de-convoluted from all response measurements if the best possible sensitivity is to be achieved. A further complication arises when the measured response to a certain gas is second order such that R = const. (TG)(RH) and in such cases further corrections will be necessary. It is surprising that very many literature reports of materials combinations that offer high sensitivity to key gases fail to report the all-important effects of moisture. There are exceptions and the degradation of gas response with changes in relative humidity have been clearly demonstrated (e.g. Fu et al (2017) and Zhou et al (2017) ).
The mechanisms of the response of water molecules with the surfaces of different oxides are beginning to be understood and efforts to reduce such effects are showing some promise. The effect of humidity on the gas sensing performance of ZnO-based sensors is well known. The chemisorption of water vapour on the metal oxide surface causes an increase in the electron concentration (Saboor et al 2017) . There are two main mechanisms to explain the increase in the surface conductivity in the presence of water vapour. The first is dissociation of water molecules into hydroxyl species, which act as electron donors. These electrons cause a direct increase in the sensor conductivity. The second mechanism takes into account the reaction of the hydrogen atom with lattice oxygen and the binding of the resulting hydroxyl group to the Zn atom. The resulting oxygen vacancy will produce an additional electron. The combination of ZnO with silica in a core-shell structure provides a useful ethanol response with only a minor degradation due to moisture at 56% R.H. (Saboor et al 2017) . In contrast to the zinc oxide behaviour, the moisture response of tungsten trioxide can be a resistance increase, an augmentation of the response to carbon monoxide and a reduction of the response to nitrogen dioxide (Staerz et al 2016) . The key mechanism here involves oxygen vacancies in the WO 3 lattice. Further, it has been shown that the moisture response to tin oxide can depend on the conditions under which it is prepared. One form fired at 1000 °C has the normal resistance decrease when exposed to moisture but another form, only fired at 450 °C has virtually no response to moisture.
If the problems of interference and/or response distortion due to changes in humidity can be satisfactorily managed then metal oxide sensors, with their inherent temperature control, could exhibit an advantage over sensors of other types that have sensitivity limits that are affected adversely by large changes in the ambient temperature.
Indoor air quality
Indoor air quality exerts a major influence on the health, comfort and well-being of building occupants. Poor air quality has been linked to Sick Building Syndrome, reduced productivity in offices and impaired learning in schools. Most people in cities spend at least 90% of their time indoors, so that indoor air quality exercises a significant contribution to their total exposure to air pollutants. Common pollutants include volatile organic chemicals (VOCs) and gases such as nitrogen dioxide, ozone and carbon monoxide.
Pollutant sources include outdoor contaminants from traffic and industry, which enter buildings through ventilation systems, and indoor contaminants from burning fuels, candles and tobacco, and emissions from building materials, furnishings, cleaning products, electronic equipment, toiletries, people and pets. New building products can be particularly important pollution sources.
Recommended exposure limits for common pollutant gases are listed in table 8. In most cases the concentrations at which these gases become a threat to health appear to be well within the detection limits that can be achieved with metal oxide sensor systems-provided that interference problems can be avoided. Individual VOCs such as benzene or formaldehyde do become a cause for concern at concentrations that are challengingly low but, in practice, it is may be sufficient to measure the concentrations of all the VOCs together to provide an indication of the total volatile organic compounds (TVOC) concentration, which would be a less demanding requirement.
Street-level air quality
Outdoor air pollution is a serious and worsening problem in the major cities of the world as a consequence of the inefficient combustion of fuels for transport and power generation. Combustion processes produce a complex mixture of pollutants that comprises of both primary emissions, such as diesel soot particles and exhaust gases, and the products of atmospheric transformation, such as ozone. Urban outdoor air pollution is estimated to cause 1.3 million deaths worldwide per year (World Health Organization-www.who.int/ceh/ risks/cehair/en/). Children are particularly at risk due to the immaturity of their respiratory organ systems. Those living in middle-income countries experience this burden disproportionately. Some of the principal street-level pollutant gases are shown in table 9 together with their short-term exposure limits. Measurements on the streets of major cities and in the vicinity of major highways have indicated that yearly average concentrations can reach 276, 65 and 81ppb for NO, NO 2 and ozone respectively (Song et al 2011) . Instantaneous values of course can be very much higher (e.g. see the web site https:// uk-air.defra.gov.uk/latest/currentlevels?view=graphs for current instantaneous measurements). Metal oxide sensors could be used monitor the local approach to short term exposure limits.
Exhaled breath sensing
Although the use of exhaled breath analysis in disease diagnosis has a history dating back to ancient Greece (Pereira et al 2015) it is only very recently that the potential of modern analytical technology to exploit the potential convenience (non-invasive, real time, low cost) of the approach has been pursued. A number of biomarkers in exhaled breath, which have strong correlations with specific diseases, have been identified in various studies. For example , hydrogen sulfide, acetone, toluene, ammonia, nitrogen monoxide, and pentane are known to have strong relationships with halitosis, diabetes, lung cancer, kidney failure, asthma, and heart disease, respectively. In particular, nitrogen monoxide sensors for the monitoring of asthma have been successfully commercialized (Pijnenburg et al 2006) .
Serious challenges must be overcome if the approach is to prove generally useful. The greater part of alveolar breath (99.995%) consists of nitrogen (~78%), oxygen (~13%), carbon dioxide (~5%), water vapor (~4%); and the remainder (<100 ppm) is a mixture of as many as 1000 different compounds. Some compounds, such as acetone, isoprene and propanol, are more abundant than others, existing in the ppm to sub ppm range, while others, ketones, aldehydes and pentane, for instance, occur at the parts per billion (ppb) to parts per trillion (ppt) levels. It is precisely these VOCs that occur at very low concentrations, however, that may prove useful in disease diagnosis. A range of techiques have been considered for the analysis of exhaled breath including gas chromatography/mass spectroscopy (GC/MS), selected-ion flow-tube mass spectroscopy (SIFT-MS), and proton transfer reactionmass spectrometry (PTR-MS). In recent years semiconductor metal oxide (SMO)-based chemiresistive sensors, too, have been explored for the detection of sub-ppm concentrations of Kim et al (2015) . Specific conditions for which metal oxide sensors have been considered as possible diagnostic tools include diabetes, halitosis and lung cancer.
7.3.1. Diabetes Exhaled breath analysis for the diagnosis of diabetes, making use of acetone concentration as a biomarker, has been the subject of extensive study. GC/MS has been the technique selected in order to obtain precise acetone concentrations but there has also been a significant body of work using metal oxide sensors. Some of the materials combinations that have been evaluated as sensing elements for this application are shown in table 10. Most of the tests shown have been carried out in atmospheres of high relative humidity as would be required for exhaled breath testing. Breath acetone concentrations in healthy patients are not expected to exceed 900 ppb while patients with diabetes can exhale1800 ppb and above . The results that are presented in table 10 appear to indicate that adequate sensitivity to distinguish between healthy patients and those who are sick should be achievable. It remains to be seen whether sufficient selectivity can be achieved to enable widespread uptake of the approach.
Halitosis
Halitosis is a condition in which an unpleasant odor is present in exhaled breath and can be a symptom of one or more of a number of health problems including gum disease, bacterial imbalance, dental caries or certain organ malfunctions . Detectable elements of exhaled breath associated with halitosis include hydrogen sulfide, methyl mercaptan and dimethyl sulfide. The concentrations of such gases in healthy people are less than 150 ppb while in patients presenting with halitosis concentrations can exceed around 1 ppm. Gas chromatography, electrochemical voltammetry and a metal oxide conductometric device have all been deployed commercially for this application. The metal oxide sensor is reported to offer a detection limit for the relevant gases of 10 ppb. The research literature contains reports of detection limits as low as 0.1 ppb (see table 6) but the position with regard to issues such as selectivity and stability remains to be established.
7.3.3.
Lung cancer A collection of 20 or more different VOCs have been considered as markers of lung cancer in exhaled breath and studies of these have been made with the aid of ion mobility spectrometers, a quartz microbalance and a colorimetric sensor array (see references in Kim et al (2015) ). Chemiresistive sensors based on 2-mercaptobenzoxazolegold nanoparticles and tert-dodecanethiol-gold nanoparticles were able to distinguish between lung cancer patients and healthy people (Peng et al 2009) and arrays of the two sensor types were used in a principal component analysis scheme to further illustrate the distinction. Single metal oxide sensors have been shown to exhibit sensitivity to one of the potential biomarkers, toluene, with a detection limit at least as low as 120 ppb .
Although there has been some progress towards the use of metal oxide sensors in exhaled breath to assist with the diagnosis of lung cancer there remains much development work to be done to provide confidence that this technology can be relied upon in this application.
Final remarks
Great strides have been made in the development of metal oxide gas sensors, and there has been marked progress in the following areas: (i) It has been shown that the n-type/p-type equilibrium within sensor elements can be influenced by materials composition, by the prevailing oxygen partial pressure, by the concentration of some minority gases in the local atmosphere, and by temperature. Care must therefore be taken to avoid ambiguity of resistance measurements that are taken when the sensor material is close to the switching point. (ii) The incorporation of a second phase component in the sensor material can improve sensitivity by restricting the particle size of the principal phase (and thus sustaining high surface area), by adding a catalytic function and by exercising a favourable influence on the near-surface band structure. (iii) Close control of microstructure of both single oxides and of materials combinations can also greatly enhance sensitivity. However a persistent challenge has been posed by the interference from, and/or the degradation of gas responses by, humidity. (iv) When AC measurements are used instead of DC then measurements of the real part of the impedance of the et al (2013) device can be supplemented by measurements of the imaginary part. The extent of the advantage in this approach has not yet been fully established-a topic for further research in years to come perhaps.
If the problem of moisture interference can be satisfactorily resolved then metal oxide sensors, which can be small and low-cost, may prove to be extremely valuable in a number of emerging applications, including air quality measurement and medical diagnosis through the analysis of exhaled breath. Early indications are that progress is being made towards these goals. A recent report of the sensing behaviour of a composite of tin monoxide and graphene indicates a response to ammonia at room temperature that is virtually unaffected across the relative humidity range from 5 to 75% (Kumar et al 2017) . Reduced graphene oxide, too, appears to invest silverdecorated tin dioxide with zero response to changes in relative humidity between 11% and 95% R.H. (Wang et al 2016c) .
To date a greater proportion of the work on functionalised metal oxide sensors for the more demanding sensing applications has been focussed on materials that show n-type responses. Equivalent tests of materials that exhibit p-type response may prove to be worthwhile. Progress towards the necessary selectivity and sensitivity for both air quality and medical applications could be further assisted by recourse to arrays of metal oxide sensors from which the signals could be analysed by pattern recognition techniques (Gardner and Bartlett 1999 
